Highlights d Increased levels of glial phagocytic receptors induce neuronal loss in adult brains d Glial overexpression of SIMU or Drpr causes motor decline and early onset death d Receptor-induced phenotypes are reversed by masking phosphatidylserine d Glial phagocytic receptor levels must be controlled for proper brain function SUMMARY Glial phagocytosis is critical for the development and maintenance of the CNS in vertebrates and flies and relies on the function of phagocytic receptors to remove apoptotic cells and debris. Glial phagocytic ability declines with age, which correlates with neuronal dysfunction, suggesting that increased glial phagocytosis may prevent neurodegeneration. Contradicting this hypothesis, we provide experimental evidence showing that an elevated expression of the phagocytic receptors Six-Microns-Under (SIMU) and Draper (Drpr) in adult Drosophila glia leads to a loss of both dopaminergic and GABAergic neurons, accompanied by motor dysfunction and a shortened lifespan. Importantly, this reduction in neuronal number is not linked to neuronal apoptosis, but rather to phosphatidylserine-mediated phagoptosis of live neurons by hyper-phagocytic glia. Altogether, our study reveals that the level of glial phagocytic receptors must be tightly regulated for proper brain function and that neurodegeneration occurs not only by defective, but also excessive glial cell function.
Correspondence
In Brief Neuronal dysfunction correlates with a declined glial phagocytic ability, suggesting that increased glial phagocytosis may prevent neurodegeneration. In contrast, Hakim-Mishnaevski et al. reveal that an elevated expression of phagocytic receptors SIMU and/or Draper in glia causes neuronal loss, motor dysfunction, and a shortened lifespan, demonstrating that glial phagocytosis may harm proper brain function. 
Drosophila Adult Brain

INTRODUCTION
Glia, the main phagocytes in the developing and mature CNS, perform their phagocytic function by engulfing and degrading dying neurons, excessive neuronal branches, and synapses and by degenerating neuronal axons (Bilimoria and Stevens, 2015; Casano and Peri, 2015; Cronk and Kipnis, 2013; Cunningham et al., 2013; Freeman, 2006; Hanisch and Kettenmann, 2007) . The precision of glial phagocytosis mainly relies on the function of phagocytic receptors, which recognize specific signals such as phosphatidylserine (PS) exposed on biological substrates destined for removal Neher et al., 2013; Ravichandran, 2011) . Previous studies have demonstrated that Drosophila phagocytic glia are functionally and molecularly similar to their vertebrate counterparts (Awasaki et al., 2006; Fuentes-Medel et al., 2009; Kurant, 2011; Kurant et al., 2008; Logan and Freeman, 2007; MacDonald et al., 2006 MacDonald et al., , 2013 Purice et al., 2017 Purice et al., , 2016 Tasdemir-Yilmaz and Freeman, 2014; Watts et al., 2004) . Two glial transmembrane phagocytic receptors, Six-Microns-Under (SIMU; a Drosophila homolog of Stabilin-2) (Kim et al., 2012; Kurant et al., 2008; Park et al., 2008) and Draper (Drpr; a Drosophila homolog of MEGF10 and Jedi) (Freeman et al., 2003; Scheib et al., 2012; Wu et al., 2009) , play important roles during CNS development and in the maintenance of the adult brain. Loss of simu or drpr leads to impaired removal of apoptotic neurons, remodeling of synapses, and axonal pruning during development, as well as delayed clearance of degenerating axons in the adult brain, ultimately causing neurodegeneration (Awasaki et al., 2006; Etchegaray et al., 2016; Freeman et al., 2003; Fuentes-Medel et al., 2009; Kurant et al., 2008; MacDonald et al., 2006 MacDonald et al., , 2013 Purice et al., 2017 Purice et al., , 2016 Ray et al., 2017; Tasdemir-Yilmaz and Freeman, 2014) . Moreover, it has been shown that with age, glial phagocytosis of injured axons declines, and this is associated with a reduced expression of Drpr (Purice et al., 2016) . Recently, an increased expression of Drpr was reported to rescue amyloid beta toxicity in a Drosophila model of Alzheimer's disease . These latest findings suggest that an overexpression of phagocytic receptors promoting glial phagocytosis could play a protective role in the aging brain and prevent neurodegeneration.
Contradicting this hypothesis, we provide experimental evidence showing that an elevated expression of the phagocytic receptors Drpr and/or SIMU in adult Drosophila glia leads to a neuronal loss of both dopaminergic (DA) and GABAergic (GABA) neurons, accompanied by motor dysfunction and a shortened lifespan. We further show that the neuronal loss is not the result of neuronal apoptosis, but rather is due to glial phagocytosis of live neurons, a process termed ''phagoptosis.'' Strikingly, we observed that survival and motility defects of affected flies can be significantly rescued by masking PS through the expression of the milk fat globule-EGF factor 8 (MFG-E8) protein, indicating that phagoptosis of live neurons is mediated via recognition of PS. Surprisingly, we observed that PS masking protects GABA neurons yet does not affect the loss of DA neurons. This suggests that DA neurons are not the main contributors to the motor ability and survival of adult flies. Altogether, our study reveals that though glial phagocytosis is a very important process, it must be tightly regulated for proper brain function. We show that neurodegeneration may involve not only defective, but also excessive glial cell function.
RESULTS
SIMU Is Not Expressed in Adult Brain Glia SIMU is specifically expressed during Drosophila embryogenesis in all phagocytic cell populations, namely macrophages, glia, and ectoderm (Kurant et al., 2008) . Previous northern blot analysis detected simu expression in the heads of 1-day-old flies (Kurant et al., 2008) . To further examine the tissue-specific expression of the SIMU protein in adults, we performed immunostaining of cryo-sectioned heads of 1-day-old flies with specific anti-SIMU antibodies. In these experiments, glial cells and macrophages were labeled with GFP using the repoGal4,UAScytGFP and serpentGal4,UAScytGFP markers, respectively ( Figure 1 ). We did not detect any SIMU expression in adult brain glia ( Figures  1A-1A% ), only in macrophages located in the vicinity of the brain ( Figures 1B-1B% ). These data indicate that SIMU does not function in adult brain glia, pointing to its specific role in the phagocytosis of apoptotic cells during CNS development.
Increased Expression of SIMU in Glia Leads to Neuronal Loss
Neurodegeneration in older flies is often associated with a decline in glial cell function, most notably in their ability to phagocytose (Harry, 2013; Koellhoffer et al., 2017; Logan, 2017) . Given that SIMU is a potent phagocytic receptor for apoptotic cells, we tested whether its expression in glia facilitated neuronal activity upon aging by improving glial cells' phagocytic ability. Accordingly, we expressed two independent simu transgenes, UASsimuI and UASsimuII, specifically in glia using the pan-glial Gal4 driver, repoGal4 (repoGal4XUASsimuI/II). Surprisingly, these flies exhibited all the hallmarks of neurodegeneration symptoms, including declined motor activity, reduced survival rates, and a loss of neurons. Transgenic flies expressing SIMU in glia exhibited a strong motor deficit and a shorter lifespan, compared to control flies ( Figures 1C and 1D ). These phenotypes were much stronger than those described for a Drosophila Parkinson's disease model .
We next quantified the number of DA neurons labeled with antityrosine hydroxylase (TH) antibodies, which are known to be required for motor ability (Brichta and Greengard, 2014; Figures 1E-1E 00 ). Compared to wild-type brains, a significantly lower number of DA neurons was detected in the brains when SIMU was expressed in glia ( Figures 1E-1E 00 ). To examine an additional type of neurons, which could be affected by SIMU-expressing glial cells, we used specific anti-GABA antibodies to label GABA neurons in adult Drosophila brains. Counting these neurons in a specific area on the dorsal side of the brain ( Figures 1F and 1F 0 ) revealed a significant reduction in their numbers in the flies expressing SIMU in glia (Figures 1F 0 and 1F 00 ), compared to control flies ( Figures 1F and 1F 00 ). These data suggest that GABA neurons were eliminated by SIMU-expressing glia similarly to DA neurons. However, we did not detect any difference in glial cell numbers (glia labeled with anti-REPO antibodies) between wild-type and SIMU-expressing flies (Figures 1G-1G 00 ). Taken together, these results suggest that SIMU-specific expression in glia causes a neuronal loss in a non-autonomous manner. Importantly, neuron-specific expression of SIMU using an elavGal4 driver (elavGal4XUASsimuI; Figure S1 ) did not affect the motor function or lifespan of these flies, which behaved similarly to control flies ( Figures 1C and 1D) . Moreover, the numbers of DA and GABA neurons were similar to those in control flies (data not shown), indicating that only glia-specific expression of SIMU caused neuronal loss. We thus conclude that the ectopic expression of the phagocytic receptor SIMU in glia does not improve brain health, as we initially hypothesized, but rather promotes neurodegeneration.
SIMU Expression in Glia Does Not Induce Neuronal Apoptosis
Considering the role of SIMU in eliminating apoptotic cells, we first reasoned that the loss of neurons observed in flies expressing SIMU in glia could be due to an increased number of neurons undergoing apoptosis. To test this, we assessed apoptosis in the brains of adult flies carrying SIMU using anti-cleaved Caspase-3 antibodies. In control brains, no staining was detected, consistent with a low level of apoptosis ( Figure 1H ). As a positive control Figure 1 . Glial Expression of SIMU Causes Neuronal Loss Not Linked to Neuronal Apoptosis and Accompanied by Impaired Climbing Activity and Shortened Lifespan (A-B%) Cryo-sections (13 mm) of heads from 1-day-old Drosophila females stained with anti-SIMU (red; A, A 00 , B, and B 00 ) and DAPI (blue; A, A%, B, and B%). Glia are labeled with repoGal4,UAScytGFP (green; A and A 0 ) and macrophages with serpentGal4,UAScytGFP (green; B and B 0 ). Bar, 50 mm. Arrows depict macrophages. (C and D) Climbing ability (C) and survival rates (D) of flies ectopically expressing simu (two different transgenes) in glia with repoGal4 (repoGal4XUASsimuI or II) and in neurons with elavGal4 (elavGal4XUASsimuI). UASsimu flies served as the control. Error bars indicate the SEM; asterisks indicate statistical significance versus control, as determined by two-way ANOVA. ****p < 0.0001, *p < 0.05; n.s., non-significant. (E-G 00 ) Projections from confocal stacks of the posterior part (45 mm) (E-F 0 ) or the entire brain (G and G 0 ) of whole-mount 12-day-old female brains (after the flies stopped climbing). Bar, 50 mm. (E and E 0 ) DA neurons labeled with anti-TH (red), (F and F 0 ) GABA neurons labeled with anti-GABA (red), and (G and G 0 ) glia labeled with anti-REPO (green) in control (E, F, and G) and repoGal4XUASsimu (E 0 , F 0 , and G 0 ) brains. (E 00 , F 00 , and G 00 ) The mean total numbers of DA neurons (E 00 ), GABA neurons located in the designated area (white frame) (F 00 ), or glial cells (G 00 ) within confocal stacks of the brain, ± SEM, n = 7; asterisks indicate statistical significance versus control, as determined by Students' t test. ****p < 0.0001, **p < 0.01; n.s., non-significant. for the antibody staining, drpr-null mutant flies were used, in which apoptotic cells persist for long periods of time (Etchegaray et al., 2016; Figure 1H 0 ). In the brains of flies expressing simu in glia (repoGal4XUASsimu), no caspase staining was detected ( Figure 1H 00 ), indicating no apoptosis in these brains. We conclude that the loss of neurons observed upon the glial expression of SIMU could not be explained by increased levels of neuronal apoptosis.
Truncated SIMU Proteins Do Not Promote Neuronal Loss SIMU is a transmembrane receptor that has been implicated solely in phagocytosis. If the observed neuronal loss was not a result of apoptosis, an alternative mechanism underlying this phenotype could be glial phagocytosis of live neurons, a process named phagoptosis (Brown and Neher, 2014; . To test this possibility, we examined whether SIMU protein variants lacking a phagocytic ability retained the ability to induce neuronal loss. Using repoGal4, we specifically expressed different truncated SIMU proteins in glia ( Figure 1I ), previously shown as being incapable of performing phagocytosis . Transgenic flies expressing truncated constructs lacking specific domains required for SIMU binding to apoptotic cells (UASsimuDEmi-Nim2) or specific domains involved in SIMU-co-receptor interactions (UASsimuDNim3-Nim4) exhibited normal lifespans ( Figure 1J ). These data indicate that domains essential for the phagocytic ability of SIMU are also required for neuronal loss and suggest that SIMU expression potentiates the phagocytic activity of glia.
Restricted Expression of SIMU in Brain Glia of Adults Causes Neuronal Loss
To determine the effect of simu in flies that underwent normal development, we conditionally expressed simu in adult brain glia using the temperature-sensitive allele of a Gal80 repressor (tubGal80 ts ;repoGal4XUASsimu). At 18 C, tubGal80 ts is expressed in all embryonic tissues and prevents repoGal4 from inducing simu expression. At 29 C, Gal80 is inactivated, and re-poGal4 is able to drive simu expression specifically in adult brain glia (Figures 2A and 2B) .
To test the dose-dependent effect of SIMU in adult brain glia, we generated transgenic flies expressing one copy (tubGal80 ts ;repoGal4XUASsimu) or two copies (tubGal80 ts ; repoGal4XUASsimuX2) of simu in glia ( Figure 2B ). The transgenic flies were transferred immediately after eclosion from 18 C to 29 C and examined using the tests described above. Flies expressing one or two copies of simu exhibited significantly shorter lifespans and reduced climbing activity ( Figures  2C and 2D) , as well as lower numbers of DA and GABA neurons in the adult brains, compared to control flies (Figures 2E and 2F) . In all these experiments, neurodegenerative symptoms were more marked in the flies expressing two rather than one copy of simu, which demonstrates that temporarily regulated expression of SIMU caused neuronal loss in a dose-dependent manner. No differences in glial cell numbers were detected between control and simu-expressing brains ( Figure 2G ), once more demonstrating the non-autonomous effect of SIMU on neuronal survival.
Elevated Expression of Drpr in Adult Brain Glia Causes Neuronal Loss
Unlike SIMU, which is not expressed in the adult CNS, Drpr is continuously expressed in the brains of adult flies (MacDonald et al., 2006 (MacDonald et al., , 2013 ; Figures 2H and 2I) , and its expression is upregulated during axonal injury to promote the clearance of neuronal debris (MacDonald et al., 2006 (MacDonald et al., , 2013 . To further explore whether any phagocytic receptor can promote neuronal loss, we repeated our experiments described above, this time specifically overexpressing drpr in adult brain glia using the temperature-sensitive Gal80 system (tubGal80 ts ;repoGal4XUASdrpr) ( Figure 2I ). Similarly to simu-expressing flies, drpr-overexpressing flies exhibited significantly reduced climbing activity ( Figure 2J ) and shorter lifespans ( Figure 2K ), as well as lower numbers of DA and GABA neurons, compared to control flies ( Figures 2L and 2M) . These data demonstrate that an increased expression of Drpr specifically in adult brain glia causes non-autonomous neuronal loss, again linking glial phagocytosis and neuronal loss in a cause-effect relationship.
Concomitant Expression of SIMU and Drpr in Adult Brain Glia Increases Neuronal Loss
We next investigated whether SIMU and Drpr cooperate in the induction of neuronal loss. Overexpression of both receptors in Figure 2 . SIMU or Drpr Expression in Adult Brain Glia Causes Neuronal Loss Accompanied by Impaired Climbing Ability and Shortened Lifespan (A) Head cryo-sections (13 mm) of a Drosophila female ectopically expressing SIMU in adult brain glia (tubGal80 ts ;repoGal4XUASsimu), stained with anti-SIMU (red) and DAPI (blue). Glia are labeled with repoGal4,UAScytGFP (green). Bar, 50 mm. (B) Western blot analysis of extracts from wild-type, simu mutant, tubGal80 ts ;repoGal4XUASsimu, and tubGal80 ts ;repoGal4XUASsimuX2 female fly heads with anti-SIMU and anti-actin including low temperature controls at 18 C. (C and D) Climbing ability (C) and survival rates (D) of flies ectopically expressing simu in glia with tubGal80 ts ;repoGal4 (one or two copies). tubGal80 ts XUASsimu served as control. Error bars indicate the SEM; asterisks indicate statistical significance versus control, as determined by two-way ANOVA, ****p < 0.0001. (E-G) The mean total numbers of DA neurons (E), GABA neurons in the designated area (F), or glial cells (G) within confocal stacks of the brain, ± SEM, n = 7; asterisks indicate statistical significance, as determined by two-way ANOVA (E and F) or by Students' t test (G). ****p < 0.0001, *p < 0.05; n.s., non-significant. (H) Projections from confocal stacks (13 mm) of whole-mount adult brain stained with anti-Drpr (red) and glia labeled with repoGal4,UAScytGFP (green). Bar, 50 mm. adult brain glia (tubGal80 ts ;repoGal4XUASsimu,UASdrpr) caused much stronger defects in climbing ability ( Figure 3A) , as well as in survival rates ( Figure 3B ), compared to control flies and flies expressing either receptor alone ( Figures 3A and 3B) . The numbers of DA and GABA neurons were also significantly lower than in flies carrying either receptor alone (Figures 3C-3C 00 and 3D-3D 00 ). This strong phenotype was similar to what was seen in flies expressing two copies of simu in glia ( Figures 2C-2F ), suggesting an expression-level-dependent effect of glial phagocytic receptors on the elimination of live neurons.
Since repoGal4 is a strong pan-glial Gal4 driver that induces a robust expression of SIMU and Drpr in all adult brain glia simultaneously, we next investigated whether a lower and more restricted expression of SIMU and Drpr would also lead to the same phenotype. We replicated our experiments by using Gal4 drivers that are known to be weaker than repoGal4 and restricted to the specific glial cell types, including cortex glia (R54H02-Gal4), astrocytes (R86E01-Gal4), and ensheathing glia (R56F03-Gal4) . These Gal4 drivers were combined with tubGal80 ts to restrict SIMU and Drpr expression to the adult stage. Using the neurodegeneration tests described above, we observed significantly reduced motor ability, lifespan, and neuronal cell numbers in flies expressing SIMU and Drpr together ( Figures 3E-3H ) in cortex and ensheathing glia, though the phenotypes appeared weaker compared to the pan-glial repoGal4-driven expression ( Figures 3A-3D 00 ) . Moreover, the specific expression of SIMU and Drpr in astrocytes significantly reduced climbing activity and neuronal cell number (Figures 3E,  3G , and 3H) but did not affect the survival rate of the flies ( Figure 3F ). This interesting result suggests that the cortex and ensheathing glia, but not astrocytes, affect additional types of neurons (not only DA and GABA) that influence lifespan. Interestingly, overexpression of simu solely in different glial cell types slightly but significantly affected climbing ability, survival rate, and DA neuronal cell numbers ( Figures S2D-S2F ) but did not reduce the number of GABA neurons ( Figure S2G ). We conclude that the strength of glia-mediated neurodegeneration depends on the expression level of the phagocytic receptor and the subtype of glial cells.
Masking PS Rescues SIMU-/Drpr-Induced Motor Impairment and Increases Survival Rates
In mammals, microglia have been shown to engulf live neurons upon inflammation (Brown and Neher, 2014; Vilalta and Brown, 2018) . In this context, microglia elimi-nate stressed neurons exposing PS on their surfaces via phagoptosis (Brown and Neher, 2014; . Given that SIMU and Drpr bind PS on apoptotic cells Tung et al., 2013) , we speculated that these proteins may also promote neuronal loss by phagoptosis. To test this hypothesis, we used transgenic flies expressing a secreted mammalian molecule, MFG-E8, which specifically binds PS (Hanayama et al., 2002) and prevents its interaction with receptors. When we analyzed the expression of GFP-tagged MFG-E8 (UASmfg-e8-GFP) (Tung et al., 2013) driven by repoGal4 in adult brain glia (tubGal80 ts ;repoGal4XUASmfg-e8-GFP), GFP was detected everywhere (Figures 4A-4A 00 ) and explicitly on GABA neurons (Figures 4B 0 ,4B 00 , 4C 0 , and 4C 00 ). In addition, we expressed the same UASmfg-e8-GFP construct with the specific cortex glia driver (R54H02-Gal4XUASmfg-e8-GFP;tubGal80 ts ) and found a colocalization of GFP with GABA neurons as well ( Figure S3 ). These data demonstrate that GFP-tagged MGF-E8 is distributed throughout the brain, where it can bind PS on neuronal surfaces. When we concomitantly expressed SIMU or Drpr with MFG-E8 in adult brain glia (tubGal80 ts ;repoGal4XUASsimu;UASmfg-e8 or tubGal80 ts ; repoGal4XUASdrpr;UASmfg-e8), we found that strikingly, it significantly improves climbing activity (Figures 4D and 4F) and survival rates ( Figures 4E and 4G ), compared to flies expressing either SIMU or Drpr, suggesting that these phenotypes are PS dependent. Interestingly, MFG-E8 expression did not increase the number of DA neurons (data not shown), proposing that the reduced climbing ability and shorter lifespan may have resulted from the elimination of other neuronal type(s). Consistent with this notion, we found that MFG-E8 prevented the loss of GABA neurons in SIMU-and Drpr-expressing flies ( Figures  4H-4N) , demonstrating that the loss of these neurons depends on PS and suggesting that a loss of GABA but not DA neurons caused the motor defect. Collectively, our study reveals that an increased expression of phagocytic receptors in glia is sufficient to induce neuronal loss in the absence of apoptosis, and this process involves the exposure of PS on neuronal surfaces.
DISCUSSION
Phagocytic glia play critical roles in the developing and adult CNS, where they clear unneeded and dangerous materials. Consistent with this role, reduced phagocytic ability has been associated with neurodegeneration (Harry, 2013; Koellhoffer et al., 2017; Logan, 2017; Napoli and Neumann, 2009 ; Salter indicate the SEM; asterisks indicate statistical significance versus control and expression of each receptor alone, as determined by two-way ANOVA. ****p < 0.0001. (C-D 00 ) Projections from confocal stacks of the posterior part (45 mm) of whole-mount 14-day-old female brains (after the flies stopped climbing). Bar, 50 mm.
(C and C 0 ) DA neurons labeled with anti-TH (red) and (D and D 0 ) GABA neurons labeled with anti-GABA (green) in (C and D) control and (C 0 and D 0 ) tubGal80 ts ;repoGal4XUASsimu,UASdrpr brains. (C" and D") The mean total numbers of (C 00 ) DA or (D 00 ) GABA neurons located in the designated area (white frame) within confocal stacks of the brain, ± SEM, n = 7; asterisks indicate statistical significance versus control, as determined by two-way ANOVA. ***p < 0.001,*p < 0.05; n.s., non-significant. (E and F) Climbing ability (E) and survival rates (F) of flies expressing simu and drpr concurrently (tubGal80 ts ;type-specificGal4XUASsimu,UASdrpr) in different types of adult brain glia: cortex glia (R54H02-Gal4), ensheathing glia (R56F03-Gal4), and astrocytes (R86E01-Gal4). UASsimu,UASdrpr;tubGal80 ts Xwflies served as the control. Error bars indicate the SEM; asterisks indicate statistical significance versus control, as determined by two-way ANOVA. ****p < 0.0001; n.s., non-significant. (G and H) The mean total numbers of (G) DA or (H) GABA neurons located in the designated area within confocal stacks of the brain, ± SEM, n = 7; asterisks indicate statistical significance versus control, as determined by two-way ANOVA. ***p < 0.001, **p < 0.01, *p < 0.05. and Stevens, 2017; von Bernhardi et al., 2015; Wolf et al., 2017) . This led us to hypothesize that an increased expression of phagocytic receptors could be beneficial. Contrary to this hypothesis, we observed that an increased phagocytic ability of glia promoted neurodegeneration. As such, we have discovered a mechanism that leads to neuronal loss in the adult brain in which glial phagocytic receptors play a central role.
In Drosophila, two phagocytic receptors (SIMU and Drpr) are sufficient for establishing the phagocytic ability of glial cells (Shklyar et al., 2014) . Both receptors are expressed during development, when brain tissue remodeling is important; a lack of these receptors causes specific defects (Freeman et al., 2003; Hilu-Dadia et al., 2018; Kurant et al., 2008; McLaughlin et al., 2019; Tasdemir-Yilmaz and Freeman, 2014) . They play critical roles in glial phagocytosis and have been shown to recognize PS on apoptotic cells Tung et al., 2013) . While Drpr remains expressed in adult mature brains and can be induced upon injury, the expression of SIMU is turned off under similar conditions. This observation was initially surprising, as we expected that a higher phagocytic ability would correlate with better brain health. Our present study explicates this by showing that increased levels of SIMU in the adult brain glia are deleterious, causing neuronal loss. This demonstrates that the levels of phagocytic receptors must be tightly regulated and eventually reduced after development. As SIMU and Draper are transmembrane receptors implicated solely in phagocytosis, and neuronal loss is observed when they are expressed in glial cells of the adult, we favor the notion that they eliminate neurons by virtue of their phagocytic ability through a process of phagoptosis and not by other ways.
Our finding that neurodegeneration can result from excessive glial cell activity is likely not restricted to the fly brain. Studies have shown that in mammals, inflammation-activated glia secrete factors that induce PS exposure on viable neurons, which leads to their phagoptosis by glia . In the experiments presented here, the only manipulation we performed was the specific glial expression of SIMU, Drpr, or both receptors. In these cases, neurons did not show any sign of apoptosis. Since the level of PS exposure was not modified when SIMU was expressed in glia ( Figure S3 ), our results further suggest that basal levels of PS exposed on live neurons can interact with phagocytic receptors on glia. Thus, the phagocytosis of neurons is not only determined by the level of PS exposure on the neuronal surface, but also by the level of phagocytic receptors on glial cells. This statement is further corroborated by the milder neurodegeneration phenotypes that we observed when SIMU or SIMU and Drpr expression was restricted to specific glial cell types using weaker and restricted Gal4 drivers. It is striking that reducing PS exposure by expressing MFG-E8 was sufficient to revert the neurodegeneration phenotype. We observed that PS masking by MFG-E8 significantly improved both climbing activity and survival rates, as well as prevented the loss of GABA neurons. This clearly demonstrates the role of PS exposure in neuronal loss. However, DA neurons were not rescued by PS masking, suggesting that distinct types of neurons present different sensitivities to phagoptosis. In neurodegenerative disorders, it remains elusive why different types of neurons are highly vulnerable to degeneration in different diseases (Brichta and Greengard, 2014) . Based on our data, we speculate that DA neurons expose higher amounts of PS on their surfaces, compared to other types of neurons. Therefore, masking PS with a given amount of MFG-E8 can rescue the elimination of other types of neurons, such as GABA neurons, but would be insufficient to rescue the loss of DA neurons. Our experiments using the glial-type-specific Gal4 drivers further verify this speculation, since GABA neurons were less affected when the receptors were overexpressed in specific glial cell types, demonstrating that they are less sensitive to phagoptosis than DA neurons. The improved climbing activity of flies expressing both SIMU or Drpr and MFG-E8 with a reduced number of DA neurons, as compared to control flies, suggests that DA neurons are not entirely responsible for climbing ability, thus opening new directions in understanding the molecular mechanisms underlying the neuronal control of motility in adult flies.
Increased expression of the phagocytic receptor TREM2 in mice microglia and astrocytes has been implicated in Alzheimer's disease (AD) (Frank et al., 2008) . Similar TREM2 overexpression was observed in post-mortem temporal cortices from AD patients (Lue et al., 2014) . However, a cause-effect relationship between glial TREM2 expression and neuronal pathology MFG-E8 is labeled with anti-GFP. Bar, 50 mm. (A 0 and A 00 ) Glial nuclei are labeled with anti-REPO (red). (B 0 , B 00 , C 0 , and C 00 ) GABA neurons are labeled with anti-GABA (red). Arrows depict GFP staining on GABA neurons. (D and E) Climbing ability (D) and survival rates (E) of flies expressing UASsimu (tubGal80 ts ;repoGal4XUASsimu;UAScyGFP), UASmfg-e8-GFP (tubGal80 ts ; repoGal4XUASmfg-e8-GFP), and UASsimu with UASmfg-e8-GFP (tubGal80 ts ;repoGal4XUASsimu;UASmfg-e8-GFP) in adult brain glia. tubGal80 ts ; repoGal4XUAScytGFP flies served as the control. (F and G) Climbing ability (F) and survival rates (G) of flies expressing UASdrpr (UAScytGFP;repoGal4XUASdrpr;tubGal80 ts ), UASmfg-e8-GFP (tubGal80 ts ; repoGal4XUASmfg-e8-GFP), and UASdrpr with UASmfg-e8-GFP (UASmfg-e8-GFP;repoGal4XUASdrpr;tubGal80 ts ) in adult brain glia. tubGal80 ts ; repoGal4XUAScytGFP flies served as the control. Error bars indicate the SEM; asterisks indicate statistical significance versus expression of each receptor alone, or MFG-e8-GFP alone, as determined by two-way ANOVA. ****p < 0.0001, **p < 0.001; n.s., non-significant. (H-M) Projections from Apotome stacks of the posterior part of whole-mount female brains (after the flies stopped climbing). GABA neurons labeled with anti-GABA (red). (H) tubGal80 ts ;repoGal4XUAScytGFP as control, (I) tubGal80 ts ;repoGal4XUASmfg-e8-GFP;UAScytGFP, (J) tubGal80 ts ; repoGal4XUAScytGFP;UASsimu, (K) tubGal80 ts ;repoGal4XUASmfg-e8-GFP;UASsimu, (L) UAScytGFP;repoGal4XUASdrpr;tubGal80 ts , and (M) UASmfg-e8-GFP;repoGal4XUASdrpr;tubGal80 ts . (N) The mean total numbers of GABA neurons located in the designated area (white frame) within Apotome stacks of the brain, ± SEM, n = 7; statistical significance is determined by two-way ANOVA. *p < 0.05. has yet to be established. Our study provides experimental evidence for a causative role of glial phagocytosis in neuronal loss, which is instigated by the increased expression of phagocytic receptors. This gain-of-function of glial phagocytic receptors resulting from their abnormal expression must be considered a risk factor in neurodegenerative disorders. Many genetic and environmental parameters can elicit an increase in the level of phagocytic receptors on glial cells. Chromosomal translocations affecting phagocytic receptor genes are predisposed to induce increased expression, as observed for oncogenes in cancer. Alternatively, the elevated expression of receptors induced upon microbial infection or in response to inflammatory signals associated with autoimmunity could cause glia-mediated neurodegenerative diseases. Further assessments of phagocytic receptor levels in healthy individuals before the onset of neurodegenerative disease symptoms may help in early diagnosis and treatment of such disorders. The fly system, allowing easy manipulation of phagocytic receptor levels, can be of great use for uncovering molecular mechanisms of glia-induced neurodegeneration.
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